Hepatocellular carcinoma (HCC) is a leading cause of malignant disease-associated mortality, particularly in China. The RSPO2 (R-spondin 2) gene is evolutionarily conserved in vertebrates and is involved in developmental and physiological processes. Importantly, RSPO2 has been reported to be associated with colon cancer and potentiate the Wnt/β-catenin signaling pathway. In the present study, enhanced expression of RSPO2 in HCC was observed using tissue microarray. Similarly, the expression level of RSPO2 was higher in HepG2, Huh7 and Hep3B cells but lower in Bel7404 and QGY7703 cells compared with human normal QSG7701 liver cells. Subsequently, gain-of-function studies indicated that RSPO2 promotes the proliferation and migration of QGY7703 cells based on lentivirus-based gene delivery. Furthermore, it was revealed that p21 and leptin, rather than vascular endothelial growth factor-A, are involved in the function of RSPO2 in QGY7703 cells. Particularly, the signal transducer and activator of transcription 3 (STAT3) and Wnt/β-catenin signaling pathways are involved in this process. Overexpression of RSPO2 resulted in the elevated expression of phosphorylated STAT3, β-catenin and c-Myc. Therefore, the present study is beneficial to the understanding of RSPO2-involved liver cancer transformation and drug discovery.
Introduction
Hepatocellular carcinoma (HCC) is one of the most common cancer types and a major cause of cancer-associated mortality worldwide (1) . The majority of HCC cases are caused by chronic hepatitis B or hepatitis C infections (2) . HCC, characterized by rapid recurrence and poor survival, remains a challenging disease to treat (3) . As HCC is not sensitive to radiotherapy or chemotherapy, surgery is the only effective treatment (4) . However, the rate of recurrence is high and metastasis is common following surgery, which leads to the poor prognosis for HCC (3) . Therefore, it is necessary to understand the molecular mechanisms underlying the growth and metastasis of HCC, which may help to identify effective diagnosis and therapeutic targets to improve the survival. However, the associated molecular mechanisms of HCC progression are not well understood.
The R-spondin (RSPO) protein family consists of four homologous members, which are evolutionarily conserved in vertebrates and are involved in a broad range of developmental and physiological processes (5, 6) : RSPO1 is important for sex determination (7) ; RSPO2 is required for limb, laryngeal-tracheal and lung development (8) ; RSPO3 is critical for placental formation (9) ; and the mutation of RSPO4 results in inherited anonychia (10) . The association between RSPO and cancer has not been extensively studied. It has been reported that RSPO2 and RSPO3 insertional activation is observed in the mouse mammary tumor virus model system (11, 12) . Administration of RSPO1 protein to mice induces rapid crypt cell proliferation, which causes a marked increase in the size of the small intestine (13) . Seshagiri et al (14) identified that RSPO2 and RSPO3 transcript fusion occurs in 10% of colon tumors. In addition, it was found that RSPO fusions occur exclusively in tumors without adenomatous polyposis coli mutations, indicating that RSPO genes have a role in the activation of Wnt signaling and tumorigenesis (14) . Subsequently, RSPO gene fusions were also observed in a subset of colon tumors in the Japanese population, and forced expression of the RSPO gene was revealed to increase the growth of colorectal cells (15) .
A number of previous studies have indicated that RSPOs may potentiate Wnt signaling via stimulation of the leucine-rich repeat-containing G-protein coupled receptors (LGR) 4, LGR5 and LGR6 (16) (17) (18) . Wnt proteins, comprising a large family of extracellular, lipid-modified glycoproteins, are crucial for embryonic development and cell proliferation, regulation, differentiation, survival and tissue homeostasis in adults (19, 20) . It was demonstrated that RSPOs cooperate with Wnts during development, particularly by promoting the transcriptional activity of β-catenin, which is an important mechanism of the Wnt signaling pathway (5, 16) . It has been revealed that canonical Wnt/β-catenin signaling serves an important role in numerous cancer types, including lung, breast, brain, colorectal and liver tumors (21) (22) (23) . Interaction between RSPOs and LGR4, as well as the intracellular signaling proteins, promotes phosphorylation of LRP5/6, stabilizes β-catenin expression and promotes its transcriptional activity (18) . Activation of Wnt/β-catenin results in the increased expression level of its target genes, including cyclin D1 and c-Myc, which are important for driving tumorigenesis in numerous types of cancer (24) .
In the present study, high expression of RSPO2 was observed in certain HCC cell lines. Tissue microarray also revealed that the expression of RSPO2 is increased in primary tumors compared with the adjacent normal tissues. Functional study revealed that overexpression of RSPO2 enhances the cell proliferation and anchorage-independent growth of the human liver QGY7703 cancer cell line. In addition, RSPO2 overexpression may promote cell motility, which was demonstrated using Transwell and wound healing assays. Similar to a previous study (25) , the present study also revealed that overexpression of RSPO2 is involved in Wnt/β-catenin activation via increasing the expression of β-catenin and the downstream gene c-Myc. The present study revealed the functional role of RSPO2 in HCC and indicated that RSPO2 may be a potential drug target for patients with liver tumors.
Materials and methods
Patients and liver tissue samples. A total of 72 human liver tissues were obtained from 24 patients with HCC who had undergone surgical resection between January 2013 and December 2014 at the First Affiliated Hospital of Jiaxing College (Jiaxing, China) with written informed consent and ethical approval from the Local Ethics Committee of Jiaxing College. Patients did not receive radiotherapy or chemotherapy prior to surgery.
Tissue microarray. Tissue samples (24 tumor tissues, 24 paired non-tumor adjacent tissues and 24 normal tissues from 24 HCC patients) were formalin-fixed and paraffin-embedded. The samples were used to construct tissue microarrays (TMAs) using a Beecher Instrument (Sun Prairie, WI, USA) as described previously (26) . A total of 3 tissue cylinders of 0.6 mm in diameter were punched from each sample. Subsequent to sectioning (4 mm for each section), tissue slides were baked at 60˚C for 2 h, and kept at 4˚C for subsequent analysis. TMAs were stained with hematoxylin and eosin (H&E). A trained pathologist reevaluated H&E-stained samples to determine the tumor stage and grade according to the WHO criteria (27) . The slides with tissue sections were subjected to immunohistochemical detection of RSPO2, using the primary antibody against RSPO2 (dilution, 1:50; cat. no. ab73761; Abcam, Cambridge, MA, USA). Following rinsing with 1X PBS, slides were incubated with biotinylated anti-rabbit IgG for 30 min (dilution, 1:1,000) using Vectastain Elite ABC kit (cat. no. PK-6100; Vector Laboratories, Inc., Burlingame, CA, USA). The detection was achieved using the avidin-biotin peroxidase method with a diaminobenzidine chromogen kit (cat. no. SK-4100; Vector Laboratories, Inc.). The TMAs were evaluated for RSPO2 expression by a trained pathologist and were scored as strong (+++) with >80% positive cells, moderate (++) with 30-80% positive cells, weak (+) with observed <30% stained cells or absent (-). The subcellular localization of the staining was noted for each score using CI microscopy by NIS-Elements F under x100 magnification.
Cell culture. The QSG-7701 cell line derived from human normal liver tissue and the human hepatoma cell lines Bel7404, QGY7703, HepG2, Huh7, 293T and Hep3B were purchased from the Cell Bank of the Type Culture Collection of the Chinese Academy of Sciences (Shanghai, China). QSG-7701 and QGY7703 cells were cultured in RPMI-1640 (cat. no. SH30809.01; HyClone; GE Healthcare Life Sciences, Logan, UT, USA) medium containing 10% fetal bovine serum (FBS) (cat. no. 10099141; Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA). Bel7404, HepG2, Huh7 and Hep3B cells were cultured in Dulbecco's modified Eagle's medium (DMEM; cat. no. SH30243.01B; HyClone; GE Healthcare Life Sciences) with high glucose, supplemented with 10% FBS. All cells were cultured in an atmosphere of 95% air and 5% CO 2 under humidified conditions. Western blot analysis. All cultured cells were lysed using radioimmunoprecipitation assay lysis and extraction buffer (cat. no. 89900; Thermo Fisher Scientific, Inc.). Total proteins were subjected to concentration determination using a commercial bicinchoninic acid quantification kit, according to the manufacturer's protocol (cat. no. 23227; Thermo Fisher Scientific, Inc.).
Lysates from QGY7703 cells or HCC tissue (15 µg) were subjected to 12% SDS-PAGE for protein separation and then electrophoretically transferred to nitrocellulose membranes (Axygen Scientific, Union City, CA, USA). Subsequent to being blocked by PBS containing 5% fat-free milk, the nitrocellulose membranes were incubated with rabbit polyclonal antibody for RSPO2 (cat. no. ab73761; dilution, 1:1,000; Abcam), β-catenin (cat. no. 8480; dilution, 1:1,000; Cell Signaling Technology, Inc., Danvers, MA, USA), c-Myc (cat. no. 5605; dilution, 1:1,000; Cell Signaling Technology, Inc.), vascular endothelial growth factor (VEGF)-A (cat. no. ab51745; dilution, 1:1,000; Abcam), phosphorylated signal transducer and activator of transcription 3 (p-STAT3) (cat. no. 9130; dilution, 1:1,000; Cell Signaling Technology, Inc.), leptin (cat. no. ab3583; dilution, 1:1,000; Abcam), p21 (cat. no. SC-397; dilution, 1:500; Santa Cruz Biotechnology, Inc., Dallas, TX, USA) and rabbit polyclonal antibody for β-actin (cat. no. 10303001; dilution, 1:5,000; Harmonious One Biotechnology, Shanghai, China) overnight at 4˚C and then incubated with horseradish peroxidase-conjugated rabbit IgG (cat. no. 7074; dilution, 1:3,000; Cell Signaling Technology, Inc.) for 1.5 h at room temperature. The immunolabeled proteins were detected using a commercial enhanced chemiluminescent detection kit (cat. no. 108070002; Harmonious One Biotechnology, Shanghai, China). Results were quantified by a luminescent digital image analyzer Bio-Spectrum600 (UVP; Upland, CA, USA). Band intensity was assessed using a Gel-Pro analyzer (V6.3; Media Cybernetics, Inc., Rockville, MD, USA).
Lentivirus vector construction. The total RNA from 5x10 6 HepG2 cells was extracted using the phenol-chloroform method following TRIzol (cat. no. 15596-026; Invitrogen; Thermo Fisher Scientific, Inc.) lysis, according to the manufacturer's protocol. The cDNA was prepared by reverse transcription using a random primer (D3801; Takara Biotechnology Co., Ltd., Dalian, China) at 37˚C for 1 h, following the denaturation of total RNA by heating for 5 min at 37˚C, followed by immediate chilling on ice. The full coding region of the RSPO2 gene was isolated following denaturation at 95˚C for 5 mint, 36 cycles of 95˚C for 30 sec, 56˚C for 30 sec and 72˚C for 45 sec, and then subjected to post-elongation for 10 min at 72˚C. The mixture for polymerase chain reaction (PCR) was composed of 5 µl of 10X PCR buffer, 0.2 mM dNTP, 0.2 µM RSPO2-EcoRI-F primer (5'-CCG GAA TTC ATG CAG TTT CGC CTT TTC TC-3'), 0.2 µM RSPO2-BamHI-R primer (5'-CGC GGA TCC TTA TTG GTT AGC TCT GTC TGT AGC-3'), 2 U PFU polymerase (cat. no. 101060002; Harmonious One Biotechnology) and sterile distilled water. The human RSPO2 gene was then subcloned into EcoRI and BamHI sites of the lentiviral vector pLV-mCherry (2A) puro (cat. no. VL3405; Inovogen Biotechnology Pvt. Ltd., Beijing, China) with the selective marker gene puromycin by a classic ligation and transformation method using T4 ligase (cat. no. EL0011; Fermentas; Thermo Fisher Scientific, Inc.) and DH5α chemical competent E. coli cells (cat. no. C502-03; Vazyme, Piscataway, NJ, USA).
Lentivirus production and cells transduction.
Packaging of pseudotyped recombinant lentivirus was performed by transfection of 293T cells. Briefly, 1.5x10 6 293T cells were plated in a 6-cm dish and cultured for 20 h. The cells were then cotransfected with either 1.7 µg pLV-mCherry (2A) puro or pLV-mCherry (2A) puro-RSPO2, 1.13 µg pCMV Δ8.91 and 0.57 µg pMD.G (a gift from Institute of Biochemistry and Cellular Biology, Shanghai, China) using Lipofectamine 2000 (Invitrogen; Thermo Fisher Scientific, Inc.) following the manufacturer's protocol. The supernatant containing the lentivirus was harvested at 72 h and filtered through a 0.45 µm low protein binding polysulfonic filter (EMD Millipore, Billerica, MA, USA). QGY7703 cells were inoculated in 6-well plates in advance at a density of 2x10 5 cells per well and presented with ~40% confluence following incubation for 20 h at 37˚C. The cells were then infected with 1 ml lentivirus suspension in the presence of 8 µg/ml polybrene (Chemicon; EMD Millipore). Following transduction for 48 h at 37˚C, QGY7703 cells were selected with 2.0 µg/ml puromycin for 10 days when all the blank control cells without transfection were eradicated. The selected cells were used for growth, anchorage-independent growth and migration assays.
Viability analysis. The human hepatoma QGY7703 cell line with stable overexpression of RSPO2 and the control QGY7703 cells transfected with empty vectors were seeded onto 96-well plates at the density of 2.0x10 3 per well. Cells were analyzed using an MTT assay at day 1, 2, 3, 4 and 5 subsequent to cell seeding. Briefly, 100 µg of MTT (cat. no. 0793-1G; Amresco, LLC, Solon, OH, USA) was added to each well. Following incubation for 4 h at 37˚C, the purple formazan crystals generated from viable cells were dissolved by adding 100 µl of dimethyl sulfoxide to each well. The absorbance of each well was then read at 570 nm.
Anchorage-independent growth analysis. QGY7703 cells transfected with pLV-mCherry (2A) puro-RSPO2 or pLV-mCherry (2A) puro were trypsinized and suspended in culture medium. The cells were seeded on each well of a 24-well plate with complete medium at the density of 1.0x10 3 cells. Following growth for 10 days, the cells were subjected to fixation by methanol for 10 min and then stained by 0.1% crystal violet at room temperature for 30 min. Following removal of the dye, colonies containing >50 cells were counted in five random fields using TiS microscopy by NIS-Elements Viewer (version 4.2; Nikon, Tokyo, Japan) under x100 magnification. The bottom chamber was filled with DMEM containing 10% FBS. Following incubation for 24 and 48 h at 37˚C, the non-migrating cells were removed by soft scratch with small cotton swabs and rinsed with 1X PBS. Migrated cells were then dried, fixed with methanol and stained with 0.1% crystal violet at room temperature for 30 min. The transmembrane cells were counted using a TiS microscopy by NIS-Elements Viewer (version 4.2, Nikon) under x100 magnification.
Wound healing assay. RSPO2-overexpressed QGY7703 cells or control cells were plated onto a 24-well plate with 4x10 6 per well and incubated for 24 h at 37˚C. Linear scratch wounds were then produced using a 10 µl pipette tip on the confluent cell monolayer. The medium was replaced with the serum-free medium. Images were captured at 0, 12, 24, 36 and 72 h and the wounding size was quantified and analyzed by NIS-Elements Viewer (version 4.2, Nikon).
Statistical analysis. Data are presented as the mean ± standard deviation. A two-tailed Student's t-test was employed to evaluate the differences between groups. P<0.05 was considered to indicate a statistically significant. The differences of indexes between tumor tissues and paired non-tumor adjacent tissues were analyzed using the Wilcoxon signed-rank test. Differences between groups were analyzed by the Mann-Whitney U test. Data were processed with R Studio (v1.0; Boston, MA, USA). Fig. 1 , increased expression levels of RSPO2 were observed in HepG2, Huh7 and Hep3B cells compared with the human normal liver QSG-7701 cell line. However, markedly decreased expression of RSPO2 was found in the human hepatoma Bel7404 and QGY7703 cell lines compared with QSG-7701 cells.
Results

Expression of RSPO2 in various HCC cells. The expression level of RSPO2 was detected in various HCC cells by western blot analysis. As presented in
Overexpression of RSPO2 in liver cancer tissues. The expression of RSPO2 in clinical samples of HCC was analyzed. A total of 24 pairs of human hepatic carcinoma and matched adjacent non-tumor tissues or normal tissues were examined using immunohistochemical staining with an antibody against human RSPO2. Samples were considered RSPO2-positive if either the cell nucleus or cytoplasm stained positive. As presented in Fig. 2A and B , the staining of RSPO2 was primarily observed in the cytoplasm of cancer cells. Fig. 2A presents representative examples from the tissue microarray for each RSPO2 staining score, ranging from 0 to +++. Intense expression of RSPO2 in tumor tissue (score ++ or +++) was identified in 16/24 patients (66.7%), whereas in other patients (33.3%) a weak immunoreactivity (score +) was detected. However, the expression of RSPO2 in non-tumor adjacent tissues was significantly lower compared with tumor tissues (Wilcoxon signed-rank test, P=0.007). Moderate expression of RSPO2 (score ++) in non-tumor adjacent tissue was found in 6 of 24 patients (25%), whereas the remaining 75% exhibited weak expression of RSPO2 (score +). Similar expression patterns were found in the paired normal tissues. The expression of RSPO2 in the paired normal tissues was significantly lower compared with tumor tissues (Wilcoxon signed-rank test, P=0.001). Representative images of RSPO2 expression in the paired normal, adjacent and tumor tissues are shown in Fig. 2A .
Statistical analyses were performed to examine the association between RSPO2 expression and the clinicopathological characteristics of hepatic carcinoma. As shown in Table I , no association was observed between the expression of RSPO2 and patient age or gender, tumor grading and tumor staging in patients with HCC. A small sample size (n=24) may be the reason that no statistically significant results were identified.
RSPO2 overexpression enhances the proliferation and anchorage-independent growth of QGY7703 cells.
To define the function of RSPO2 in HCC, RSPO2 overexpression in the QGY7703 cell line was achieved by lentivirus delivery (Fig. 3A) . The cell growth of QGY7703 cells with stable overexpression of RSPO2 was firstly evaluated by MTT assay. RSPO2 overexpression significantly promoted QGY7703 cell growth at days 2, 3, 4 and 5 compared with the control group, in which QGY7703 cells were transfected with empty vector (P<0.01; Fig. 3B ).
Anchorage-independent growth was also used to examine whether the RSPO2 gene affects the tumorigenic growth of QGY7703 cells. As shown in Fig. 3C , RSPO2 overexpression significantly enhances soft agar growth of QGY7703 cells, as evidenced by the decrease in colony number and size compared with the control QGY7703 cells that were infected with the pLV-mCherry (2A) puro empty vector (P<0.01). 
RSPO2 expression
----------------------------------------- Patients,
RSPO2 overexpression promotes the migration of QGY7703 cells.
To study the effect of RSPO2 on the motility of QGY7703 cells, Transwell and wound healing assays were performed. In the Transwell assay, the percentage of cells that migrated through the membrane was significantly increased in cells with RSPO2 overexpression compared with the control cells transfected with empty vector (Fig. 4A) . The wound healing assay results also demonstrated that RSPO2 overexpression significantly enhanced the migration of QGY7703 cells compared with the control cells (Fig. 4B) .
RSPO2 overexpression potentiates the activation of Wnt/β-catenin.
Previous studies have reported that the RSPO2 gene is involved in the activation of the Wnt/β-catenin pathway. To improve the understanding of the biological role of the RSPO2 gene in HCC and the underlying mechanism of the aformentioned findings, the expression level of nuclear β-catenin was analyzed in QGY7703 cells. As shown in Fig. 5 , the expression level of nuclear β-catenin was significantly increased in QGY7703 cells with stable overexpression of RSPO2 gene compared with the negative control group. The expression of c-Myc, one of the target genes of Wnt/β-catenin signaling, was also analyzed. Consistently, c-Myc gene expression was significantly increased in QGY7703 cells with RSPO2 stable overexpression (Fig. 5 ). The present data indicated that overexpression of RSPO2 is involved in Wnt/β-catenin activation via increasing the expression of β-catenin and its downstream genes.
RSPO2 regulates proliferation-associated genes and signaling pathways. To further elucidate the molecular mechanism underlying RSPO2-induced cell proliferation, the proliferation-associated genes p21, leptin and VEGF-A, and the STAT3 signaling pathway were investigated. The p21 and leptin genes exhibited significantly reduced and increased expression, respectively (Fig. 5 ). However, the expression level of VEGF-A did not show a notable difference between control and RSPO2-overexpressed QGY7703 cells. The elevated expression of phosphorylated STAT3 indicated that the STAT3 signaling pathway may be involved in RSPO2-induced cell proliferation.
Discussion
The carcinogenesis of HCC is a multi-factorial, multi-step and complex process. Previous studies have documented that the bidirectional interactions between tumors and hepatic stellate cells (HSCs) compose an amplification loop to enhance metastatic growth in the liver (28, 29) . Previous studies revealed that the RSPO family may promote HSC activation by enhancing the canonical Wnt pathway (30, 31) . In the present study, the data provided evidence that RSPO2 expression may contribute to malignant biological behavior in HCC. Additional large-scale investigations are required to pinpoint the link between the expression level of RSPO2 and the clinical characteristics of human HCC. The present study demonstrated that the expression of RSPO2 is upregulated in various HCC cell lines. Paired HCC lesions and adjacent non-cancer tissues were found to express RSPO2 differently. The tumor tissues exhibited significantly increased expression of RSPO2 compared with adjacent non-tumor tissues. Furthermore, the present data demonstrated that RSPO2 overexpression enhances the cell proliferation and anchorage-independent growth of human liver QGY7703 cell lines. In addition, RSPO2 overexpression may also promote the motility of QGY7703 cells. Study of the underlying molecular mechanism indicated that overexpression of RSPO2 may be associated with Wnt/β-catenin activation via increasing the expression of β-catenin and its downstream gene c-Myc. Taken together, the present results revealed the potential functional role of RSPO2 in HCC and indicated that RSPO2 may be a potential drug target for patients with liver tumors. Previous studies have revealed that RSPOs are involved in the activation of Wnt signaling, which is important for tumorigenesis (14, 32) . However, the association between RSPO and cancer has not been extensively studied. Studies on the role of RSPO2 in cancer primarily focus on colon tumors (14, 15) . A recent study reported that high-copy amplifications of RSPO2 gene were observed in 231 HCC cases via whole exome sequencing (25) . In the present study, significantly increased expression levels of RSPO2 were detected in HCC tissues compared with the adjacent non-tumor tissues or paired normal tissue. Similarly, an increased expression level of RSPO2 was observed in HepG2, Huh7 and Hep3B cells compared with human normal liver QSG-7701 cell lines. High-copy amplifications of RSPO2 may aid the explanation of the phenomenon of increased expression of RSPO2 in tumor tissues.
In the present study, altered p21 and leptin expression levels were observed, which may contribute to RSPO2-induced proliferation on QGY7703 cells. Further work requires an elucidation of the spatial-temporal association between RSPO2 and p21 or leptin. Furthermore, systematic investigation of pivotal molecules located in the STAT3 signaling pathway may aid understanding of the role of RSPO2 in liver cancer transformation. Other signaling pathways may be examined to systematically elucidate this molecular mechanism, potentially contributing to identification of novel HCC therapeutics.
In conclusion, the present study revealed that R-spondin 2 promotes proliferation and migration in various HCC cell lines via the Wnt/β-catenin pathway. However, additional studies are required to confirm the tumor-promoting effects of R-spondin2 in mouse models.
